The magnetodynamical properties of nanometer-thick yttrium iron garnet films are studied using ferromagnetic resonance as a function of temperature. The films were grown on gadolinium gallium garnet substrates by pulsed laser deposition. First, we found that the damping coefficient increases as the temperature increases for different film thicknesses. Second, we found two different dependencies of the damping on film thickness: at room temperature, the damping coefficient increases as the film thickness decreases, while at T ¼ 8 K, we find the damping to depend only weakly on the thickness. We attribute this behavior to an enhancement of the relaxation of the magnetization by impurities or defects at the surfaces. V C 2015 AIP Publishing LLC.
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The utilization of spin waves (SWs) is critical to the fields of magnonics and spintronics, due to the tremendous potential of spin waves in data storage and signal processing.
1,2 However, the common ferromagnetic materials used in spintronic devices are not ideal for SW propagation due to their high Gilbert damping. The solution lies in using materials with ultralow damping, such as yttrium iron garnet (YIG). 3, 4 The intrinsic damping of bulk YIG is a ¼ 10 À5 , 5 which is two orders of magnitude smaller than that of ferromagnetic metals, such as permalloy. However, recent studies have shown that YIG films are also suitable for spintronics applications because (i) they are electrical insulators and (ii) they generate a pure spin current at the interfaces with a normal metal via spin pumping and the spin Seebeck effect. [6] [7] [8] [9] [10] [11] [12] [13] [14] The emergence of YIG-based devices in spintronics applications requires (i) the fabrication of nanometer-thick YIG films and (ii) a fundamental investigation of the magnetodynamics properties of YIG on the nanoscale. The quality of such thin YIG films depends strongly on the growth process. Considerable efforts have been made towards growing highquality thin YIG films using pulsed laser deposition (PLD) [15] [16] [17] [18] and sputtering 19 techniques, in which the properties of the films converge to the bulk properties. Magnetodynamical studies using ferromagnetic resonance (FMR) have been primarily performed only at room temperature. Additionally, transport measurements have demonstrated a new type of magnetoresistance, known as spin Hall magnetoresistance (SMR), which has been detected at room temperature and low temperature. [20] [21] [22] Despite the rapid progress in YIG thin-film fabrication and room temperature characterization, the temperature dependence of the magnetodynamic properties is still lacking.
In this proceeding, we report on the temperature dependence of the magnetodynamic properties of YIG thin films. We perform FMR measurements at variable temperatures (8-300 K). We observe an increase in the Gilbert damping value as the temperature increases. This behavior is observed over a wide range of film thicknesses of 30-170 nm. We find that the damping coefficient increases as the film thickness decreases at room temperature. However, the damping is found to be independent of film thickness for low temperatures. Additionally, for our thinnest films (¼20 nm), we find a nonlinear increase in the linewidth as a function of the frequency, which indicates the presence of the two-magnon scattering process.
YIG films were grown on (111) oriented single crystal (Gd 3 Ga 5 O 12 , GGG) substrates by PLD techniques. 1.5-in. high density stoichiometric Y 3 Fe 5 O 12 target was ablated using 248 nm CompexPro 110 excimer laser at energy density of 3.4 J=cm 2 and 30 Hz repetition rate. Films were grown in the vacuum system (ultimate pressure 10 À8 ) at substrate temperature of 760 C, target to substrate distance of 100 mm and having oxygen as background gas at pressure of 25 mTorr. Films were in situ postannealed at deposition temperature and oxygen pressure of 300 Torr. As our primary focus is to study the dynamics of thin YIG films, we fabricated and measured films with the following thicknesses: 170, 65, 40, 30, and 20 nm.
The surface roughness of the films was measured using atomic force microscopy (AFM). The AFM analysis revealed a smooth and uniform surface with a root mean squared roughness of 0.3 6 0.02 nm, as shown in Fig. 1(a) . For variable temperature FMR measurements we used a NanOsc Instruments CryoFMR in a Montana Instruments Cryostation. The sample was placed on a coplanar waveguide (CPW) in a flip-chip configuration, and the variation of the absorbed power (dP/dH) was measured as the V C 2015 AIP Publishing LLC 117, 17D119-1 magnetic field was swept at different temperatures. The magnetic field was applied in the film plane and the measurements were carried out at various temperatures between 8 and 295 K. At each temperature, the FMR response was measured at several frequencies over the range of 2-16 GHz. At each frequency, the resonance field (H res ) and the linewidth (DH) of the FMR signal were determined. Fig. 1(b) shows the FMR spectra measured for the 30 nm film at different frequencies at 8 K. Fig. 1(c) gives the FMR profile measured at f ¼ 8 GHz at 8 K. Fig. 1(d) shows the variation of the frequency as a function of the resonance field, while Fig. 1(e) shows the variation of the linewidth as a function of the frequency at different temperatures. In Fig. 1(c) 
where K 1 , K 2 , K 3 , and K 4 represent the symmetric, antisymmetric, slope, and a constant factor, respectively. In Fig. 1(d) , the data are fitted to the Kittel equation
where c is the gyromagnetic ratio and M eff is the effective magnetization. Using the dispersion relation, we extract c=2p and M eff at different temperatures. The line in Fig. 1(e) shows a linear fit to DH FMR ¼ DH 0 þð2a=cÞ2pf , where DH 0 describes the inhomogeneous broadening and a is the Gilbert damping. Note that the slope of the fitted lines is temperature dependent. This reflects the temperature dependence of the Gilbert damping, Fig. 2(c) , since the gyromagnetic ratio is temperature independent, Fig. 2(a) , as discussed below. Figure 2 shows the variation of the gyromagnetic ratio, the effective magnetization, the Gilbert damping, and inhomogeneous broadening as a function of the temperature. Four points should be mentioned here regarding 2(a)-2(d): First, the c=2p has a constant value of 3 MHz/Oe and does not vary as the temperature changes. Its value is very near to the standard value of 2.8 MHz/Oe. Second, the effective magnetization increases as the temperature decreases. The 4pM ef f is equal to 2866 G at room temperature and 4300 G at 8 K. The tabulated bulk value of the saturation magnetization for YIG is 1760 G at 295 K and 2470 G at 4 K. A similar increase in the PLD-grown YIG magnetization has been reported and attributed to strong uniaxial anisotropy caused by Fe 3þ vacancies within octahedral sites. 16, 17 Third, the Gilbert damping increases as the temperature increases. In bulk YIG, the increase of the Gilbert damping with temperature was also reported. [27] [28] [29] At room temperature, the damping value of the film is about 3:2 Â 10 À3 , and it drops to 1:6 Â 10 À3 at 8 K. The measured value of Gilbert damping is larger than that of the PLD films, 15, 17 but comparable to that of the sputtered films. 19 Despite the large value of the damping coefficient, it has a clear temperature dependence, due to the relaxation of the magnetization with thermal scattering as magnons and phonons. Fourth, the inhomogeneous broadening, Fig. 2(d) , increases slightly with the temperature and forms a peak around 20 K. It then decreases slowly at 8 K. The temperature dependence is only due to the film itself. Such an effect has been observed in bulk YIG doped with rare-earth metals. 30 Our YIG films may contain ions of rareearth series due to the target impurities. Target component Y 2 O 3 of 99.99% purity (standard for target) contains, for example, Dy atoms at concentration of 5 Â 10 À5 . 31 The spinlattice relaxation rate in iron garnets containing ions of the rare-earth series even at less concentration features a peak at low temperature, as was estimated in Ref. 23 .
The increase in the Gilbert damping versus the temperature was observed for films with different film thicknesses, as shown in Fig. 3(a) . The Gilbert damping as a function of film thickness at T ¼ 295 K (black symbols) and T ¼ 8 K (red symbols) is shown in the inset of Fig. 3(a) . It could be observed that the damping coefficient increases as the thickness decreases at T ¼ 295 K. Such behavior has been reported previously. 26 The thickness dependence of the damping is attributed either to a compromised YIG-film quality for the thinnest YIG films or to magnon-magnon scattering process at the interface, which would be enhanced for thinner films and would give rise to an enhancement of the damping coefficient, compared to the thicker films. At low temperatures, the Gilbert damping for different film thicknesses, Fig. 3(a) , converges to a similar value which, in addition to the size of the error bars, results in a high degree of overlap between the different film thicknesses. However, at T ¼ 8 K, it can be seen that the damping coefficient is independent of the thickness. The behavior of the damping as a function of the thickness at room temperature and low temperature has the following two characteristics: (1) as the YIG-film thickness decreases the surface-to-volume ratio increases, and the damping shows an expected increase at room temperature; (2) the relaxation process has an interesting temperature dependence where its effect on the damping is gradually reduced as the temperature decreases and becomes virtually absent at 8 K. We attribute this trend in the damping to the presence of defects and impurities at the surface, which are the most likely contributors to enhancing magnon-magnon scattering. 32 To investigate this behavior further, we measured a 20 nm thin film grown using the same deposition conditions. We observed a nonlinear dependence of the linewidth on the frequency measured at room temperature (red circles), as shown in Fig. 3(b) . The linewidth increases linearly until f ¼ 9 GHz, before forming a maximum and dropping down again at higher frequencies. This behavior is generally attributed to magnon-magnon scattering. 17, 24 For measurements of this film at the low temperature (T ¼ 8 K), the nonlinear dependence disappears, and the linewidth increases almost linearly with the frequency. This strongly validates the above explanation for the measured trend in the damping.
In summary, we performed FMR measurements on YIG thin films grown by PLD of varying thicknesses and as a function of temperature. First, a clear temperature dependence of the damping was observed. Second, the thickness variation of the damping changes with temperature, which was attributed to the scattering of magnons by defects and impurities on the surfaces. 
